In species with separate sexes, social systems can differ in the relative variances of male versus female reproductive success. Papionin monkeys (macaques, mangabeys, mandrills, drills, baboons, and geladas) exhibit hallmarks of a high variance in male reproductive success, including a female-biased adult sex ratio and prominent sexual dimorphism. To explore the potential genomic consequences of such sex differences, we used a reduced representation genome sequencing approach to quantifying polymorphism at sites on autosomes and sex chromosomes of the tonkean macaque (Macaca tonkeana), a species endemic to the Indonesian island of Sulawesi. The ratio of nucleotide diversity of the X chromosome to that of the autosomes was less than the value (0.75) expected with a 1:1 sex ratio and no sex differences in the variance in reproductive success. However, the significance of this difference was dependent on which outgroup was used to standardize diversity levels. Using a new model that includes the effects of varying population size, sex differences in mutation rate between the autosomes and X chromosome, and GC-biased gene conversion (gBGC) or selection on GC content, we found that the maximum-likelihood estimate of the ratio of effective population size of the X chromosome to that of the autosomes was 0.68, which did not differ significantly from 0.75. We also found evidence for 1) a higher level of purifying selection on genic than nongenic regions, 2) gBGC or natural selection favoring increased GC content, 3) a dynamic demography characterized by population growth and contraction, 4) a higher mutation rate in males than females, and 5) a very low polymorphism level on the Y chromosome. These findings shed light on the population genomic consequences of sex differences in the variance in reproductive success, which appear to be modest in the tonkean macaque; they also suggest the occurrence of hitchhiking on the Y chromosome.
Introduction
In species with separate sexes, social systems can differ in the degree to which females and males differ in their variances of reproductive success. If there is a 1:1 sex ratio and no sex difference in the variances of reproductive success, the relative effective population sizes of autosomal DNA (A) and sex chromosome DNA match "null" Wright-Fisher expectations, such as a 3:4 ratio of effective population sizes of the X chromosome (X) and autosomes (hereafter the X:A ratio ; Hedrick 2007; Charlesworth 2009 ). However, if there is a higher male than female variance in reproductive success, the equilibrium X:A ratio is greater than 0.75, with a maximum value of 1.125 reached when there is effectively only one reproducing male (Charlesworth 2001) . High variance in male reproductive success compared with females also drives down the ratio of the effective population sizes of the Y chromosome (Y) to autosomes (Y:A ratio), with a lower limit of 0.125 (Charlesworth 2001) . If the variance in female reproductive success is higher than for males, the equilibrium X:A ratio is less than 0.75, with a minimum value of 0.5625, corresponding to effectively only one reproducing female (Charlesworth 2001) . Importantly, the X:A ratio is also affected by demographic changes such as recent bottlenecks of population size Nielsen 2007, 2008) . Hitchhiking effects of either positive or negative selection at linked sites may also have greater effects on neutral diversity levels at sites on the X than the A in mammals, because the X does not recombine with most of the Y in males. These effects are likely to be most pronounced near genes and other functionally significant components of the genome (Charlesworth 2012a) . Additionally, even at putatively neutral sites, selection-like processes such as GC-biased gene conversion (gBGC) can affect diversity levels; if not properly handled, these factors can compromise estimates of demographic change (Zeng 2012) and, hence, of the X:A ratio of effective population sizes. These considerations mean that the precision of X:A ratio estimates may be improved by accommodating these factors.
Macaque monkeys (and papionins in general) are considered to be prime examples of species where the variance in reproductive success is higher in males than in females. Field studies suggest that the adult sex ratio of macaques is frequently female biased (Dittus 1975; Hsu and Lin 2001; Beisner et al. 2012; Hasan et al. 2013) , and sexual dimorphism in size and craniofacial morphology is marked (Albrecht 1978; Schillaci et al. 2007) . Incongruence between mitochondrial gene trees and species relationships (Tosi et al. 2002 (Tosi et al. , 2003 Evans et al. 2010 ) is also potentially consistent with a higher variance in male than female reproductive success, which increases the relative lineage sorting period of the maternally inherited mitochondrial DNA, compared with expectations for other genomic regions that are partially or fully paternally inherited. The timescale for lineage sorting of mitochondrial DNA is also potentially increased by female philopatry (Hoelzer et al. 1998; Hedrick 2007) , a characteristic of macaque societies (Dittus 1975; Van Noordwijk and Van Schaik 1985; Melnick and Hoelzer 1992) .
In order to quantify the genomic effects of sex-biased variance in reproductive success, we used reduced representation genome sequencing (RADseq; Baird et al. 2008 ) to collect genome-wide molecular polymorphism data from genetic samples of a wild caught papionin monkey, the tonkean macaques (Macaca tonkeana). Tonkean macaques are endemic to the Indonesian island of Sulawesi, which is home to seven macaque species (Riley 2010) . The Sulawesi macaques are thought to be derived from a single dispersal event from Borneo by an ancestor of the pig-tailed macaque M. nemestrina (Fooden 1969; Evans et al. 2010) . The tonkean macaque is known to hybridize with parapatric macaque species (Watanabe, Lapasere, et al. 1991; Watanabe, Matsumura, et al. 1991; Froehlich and Supriatna 1996; Bynum et al. 1997; Evans et al. 2001) , and the population in the eastern portion of its range is genetically differentiated from the one in the western portion of its range (Evans et al. 2001) .
We quantified the X:A and the Y:A ratios of effective population sizes of the tonkean macaque by measuring pairwise diversity for each chromosomal category. Because mutation rates may differ between males and females (Makova and Li 2002) , we quantified divergence from homologous sequences obtained from outgroup species and used these values to standardize the diversity estimates. We also evaluated the X:A ratio with a new approach that allows for a dynamic demography and natural selection on GC content (or a selection-like process such as gBGC).
Results

Molecular Polymorphism and Evidence of Natural Selection Near Genes
We used a reduced representation genome sequencing approach called RADseq (Baird et al. 2008 ) to identify nucleotide polymorphisms from nine wild-caught tonkean macaque individuals. These data were aligned to outgroup genomes (rhesus macaque, olive baboon, and human), and genotype calls and data filtering were performed using rigorous criteria detailed in the Materials and Methods section and in the supplementary material S1, Supplementary Material online. Filtering of positions near insertions/deletions resulted in the removal of 479,495 positions. Single nucleotide polymorphism (SNP) quality filtering led to the removal of 15,894,391 positions, with most (15,034,607) due to the filtering of autosomal sites with a Phred-scaled genotype quality score below 50. Sex chromosome filtering identified 783 positions on the nonpseudoautosomal region of the X chromosome with a heterozygous genotype call in one or more males. After excluding a 10,000-bp buffer around these positions to avoid putative pseudoautosomal regions in the tonkean macaque that differed from the rhesus macaque, a total of 260,150 and 7,404,310 high-quality genotype calls in at least one individual's X chromosome DNA and autosomal DNA, respectively, were retained for analysis. A total of 13,044 high quality genotype calls in at least one individual's Y chromosome DNA were recovered. After additional individual genotypes were removed that had less than 10-fold coverage or greater than 45-fold coverage (to minimize potential problems related to low coverage or copy number variation; supplementary material S1, Supplementary Material online), high-quality genotypes were obtained for all alleles for all individuals (i.e., sites that had no missing data) for 7,070,587, 118,337, and 6,233 sites for A, X, and Y, respectively (table 1) . The average coverage for individual genotypes was 20.1-fold with a standard deviation of 7.7-fold. Tables 1 and 2 summarize molecular polymorphism and divergence patterns for our samples of the tonkean macaque, using humans and olive baboon, respectively, as outgroups. Polymorphism data for the tonkean macaque vary slightly between these tables due to assembly quality and possible linkage differences between the outgroups. The X chromosome comprises approximately 5.3% of the "rhemac2" rhesus genome assembly. However, only approximately 1.7% of our high-quality genotypes mapped to X chromosome DNA. This suggests that our less stringent cutoff value for genotype scores on the X chromosome DNA (a Phred-scaled quality score of 30 instead of 50 was required because most of the X chromosomes were haploid in our sample; see supplementary material S1, Supplementary Material online) was probably still more stringent than our criterion for autosomal DNA in terms of number of reads and read quality per genotyped allele.
Autosomal regions that include genes and 1,000-bp upstream and downstream of genes (partition a) have lower pairwise diversity divided by divergence (/d), a higher proportion of singleton segregating sites (S e /S), and a more negative Tajima's D than the other partitions that include data which are farther from genes ( fig. 1, tables 1 and 2 ). This is based on nonoverlapping 95% confidence intervals (CIs) of partitions (a) and (e), and trends of the intervening partitions. Although we note the caveat that physical distance does not correspond precisely with genetic distance, these patterns are generally consistent with stronger background selection 
Partition (a) P a r t i t i o n ( b)
P a r t i t i o n ( c) ( Charlesworth et al. 1993) or selective sweep effects (Maynard Smith and Haigh 1974) due to proximity to genes. These effects are not apparent on the X, either due to the distinct nature of molecular evolution and adaptation on this chromosome, or (more probably) due to the considerably smaller data set and much noisier estimates of the polymorphism statistics. As a result there is no obvious relationship between the X:A ratio and distance from genes after scaling for possible differences in mutation rate ( fig. 1c ). When we required 15Â coverage instead of 10Â coverage for each diploid genotype call (and half this for haploid genotype calls), polymorphism statistics showed similar trends with the exception that the X:A ratio appeared to increase with distance from genes (supplementary fig. S1 , Supplementary Material online). In view of the clear effect of natural selection on loci near genes in autosomal DNA, for subsequent analyses we combined partitions (c), (d), and (e) for autosomal and X chromosome DNA. We thus focus the remaining discussion on sites greater than 51,000 bp from genes, and with a minimum of 10Â coverage required per diploid genotype call.
P a r t i t i o n s ( c)-(e)
Autosomal
Population Structure
Using the combined data from partitions (c) to (e), Mantel tests did not recover evidence for isolation by distance in either autosomal DNA or X chromosome DNA. For A loci, the correlation between genetic similarity and geographic distance was actually positive (r = 0.44, P = 0.932, one-tailed test), which is the opposite relation to that expected under isolation by distance. For X loci, after excluding the one female sample to make the pairwise similarity calculations consistent across all samples, the correlation was negative but not significant (r = À0.215, P = 0.154). When the female sample was included, the correlation was positive but still not significant (r = 0.146, P = 0.791). However, examination of the site frequency spectrum (SFS) suggests the possibility that some more subtle form of population structure could be present despite the lack of evidence for isolation by distance. In particular, intermediate frequency autosomal variants appear to be more prevalent than expected for a panmictic population. Figure 2 shows the SFS for GC and AT variants for sites with high confidence genotype calls in all individuals as detailed below; the SFS for all 4 nt, not shown, also has a peak at intermediate frequency variants. To examine the possibility of systematic biases in genotype calls, we compared this to the SFS of positions with missing data and also quantified the number of heterozygotes across polymorphic sites. This peak was also apparent in the SFS of autosomal sites for which one high confidence genotype call was not possible for one individual. The number of heterozygous genotypes did not differ significantly from the expectation when alleles paired randomly for each polymorphism frequency category, though for intermediate frequency polymorphisms (where half of the nucleotides have a derived polymorphism) this expectation did fall within the first quartile (supplementary fig. S2 , Supplementary Material online). Although not statistically significant, these results open the possibility that either Zeng and Charlesworth (2010a) found that population structure did not compromise the ability of our model-based approach to detect selection.
The X:A Ratio and Y:A Ratio of M. tonkeana Nucleotide Site Diversities
After scaling by the corrected pairwise divergence from humans, the estimate of the X:A ratio was 0.519 (95% CI: 0.446-0.593). After scaling by the corrected pairwise divergence from the olive baboon, the estimate of the X:A ratio was 0.672 (95% CI: 0.562-0.782). The z-test described in the Materials and Methods section shows that these point estimates are significantly lower or not significantly lower, respectively, than the expectation (i.e., 0.75) for equal variances in reproductive success in males and females (P < 0.0001 and P = 0.168, respectively, two-tailed z-tests). A power analysis indicated that, given the data, a two-tailed z-test should be able to detect a significant difference from the null hypothesis that the X:A ratio is equal to 0.75 when the true X:A ratio is higher than 0.813, or lower than 0.695. We also explored the effects of various quality control criteria used in our analysis by calculating the X:A ratio using alternative settings and found that the results were consistent. For example, when a buffer of 5,000 instead of 10,000 bp was discarded around sites on the male-hemizygous portion X chromosome that were heterozygous in one or more males (a possible indication that the region was actually pseudoautosomal or autosomal), the X:A ratio after scaling by the corrected pairwise divergence from the olive baboon was 0.672 (95% CI: 0.564-0.781). Similarly, when a more stringent Phred-scaled genotype quality score of 40 was enforced for the sex chromosomes (instead of 30), this ratio was 0.670 (95% CI: 0.561-0.781).
The combined Y chromosome data, after scaling by pairwise divergence from humans, and compared with partitions (c) to (e) from the autosomes, yielded a Y:A ratio of 0.060. We did not use a z-test to evaluate this ratio because for the nonrecombining portion of the Y chromosome is the outcome of a single coalescent process, rather than representing the mean over a large number of independent coalescent processes. However, the upper 95% CI for Y obtained from 
Model-Based Estimation of the X:A Ratio in M. tonkeana
Use of the new model-based approach described in the Materials and Methods section and in supplementary material S1, Supplementary Material online, resulted in a significantly better fit to the data when population size changes were included, providing new insights into the demography and genome evolution of the tonkean macaque. After accounting for a dynamic demography and natural selection by fitting the evolutionary model to the combined partitions (c)-(e) data, the three-epoch model was preferred over a twoepoch and the equilibrium models (table 3); for the comparison between the full three-epoch model and the equilibrium model, the difference in the Akaike Information Criterion (ÁAIC) = 5516.6 and P < 1 Â 10 À15 ( 2 test, degrees of freedom [df] = 5); for the comparison between the full three-and two-epoch models ÁAIC = 38.6 and P = 5.6 Â 10 À10 ( 2 test, df = 2).
Within the three-epoch model, we explored variants of the "full" model by constraining some parameters to either be equal to other parameters or be equal to some constant value expected under some circumstance (e.g., zero selection or equivalent variance in male and female reproductive success). A model in which the X:A ratio (denoted by l in the model) was fixed at 0.75 was not significantly worse than the full model in which l was treated as a free parameter (table 3; P = 0.59, 2 test, df = 1). The model also includes parameters A and A which are equal to 4N eX s X and 4N eA s A , where N eX and N eA are the effective population sizes of the X and the A, respectively; and s X and s A are the GC-bias parameters for the X and A, respectively. Because our interests centered on the X:A ratio, we performed a bootstrap analysis on the model in which l was estimated but the X parameter was fixed at a value equal to l A , even though this model did not provide the best fit to the data. The 95% CI based on the bootstrapped data for the l estimate is 0.567-0.860, which is consistent with the inference from the chi-square test and also similar to the conclusions based on nucleotide diversities using divergence from baboon to control for variation in mutation rate between the X and A. Therefore, even though the maximum-likelihood (ML) estimate of l is lower than 0.75 for almost all of the three-epoch models employed, which suggests that the variance in female reproductive success is higher than that of males and/or that hitchhiking effects are more intense on X than A, we cannot reject the hypothesis that l is equal to 0.75 after taking demography, selection, and mutational bias into account. To explore the effects of missing data from RADseq (Arnold et al. 2013; Davey et al. 2013) , model fitting was also performed after excluding sites with missing data, and the results were similar (supplementary table S2 , Supplementary Material online). We anticipate that the power of this ML approach is somewhat lower than the z-test implies because the ML approach does not consider divergence information. However, because the ML estimate of l is below 0.75, our failure to detect a value that is significantly higher than 0.75 does not appear to be related to a lack of statistical power.
GC Content; Departures from Stationarity
The expected equilibrium autosomal diversity prior to population size changes ( A ) is equal to 2 10A /(1 + ) where is the ratio of the GC ! AT mutation rate (m 01A ) to the AT ! GC mutation rate (m 10A ) (Charlesworth and Charlesworth 2010, p. 237) . Using the parameter values estimated for the three-epoch model with X = l A , is equal to 2.51 for the autosomes, indicating that the mutation rate to AT nucleotides is higher than the mutation rate to GC nucleotides. The equilibrium diversity for autosomal loci obtained from the model fitting is therefore 0.00232, which is similar to the estimates from the pairwise nucleotide diversity (tables 1 and 2). An interesting characteristic of the data is revealed by examining the frequency spectra of polymorphic positions in which a G or C nucleotide is segregating with an A or T nucleotide: In X chromosome and autosomal DNA, high frequency G or C polymorphisms are more common than high frequency A or T polymorphisms ( fig. 2) . Consistent with this observation, the model fitting found significant evidence for gBGC or selection favoring increased GC content in that the models where the selection parameters X or A were set to zero were significantly less likely than the models in which these parameters were estimated as free parameters, or when they were fixed by the relation X = l A (table 3) . Moreover, in the three-epoch model with X = l A , the 95% CIs for A were greater than zero (0.99-1.08). The likelihood of a model in which the X parameter was fixed to be equal to l A was almost identical to that of the full model in which X and A were estimated separately, and not significantly worse than the full model (table 3; P = 0.95, 2 test, df = 1). This indicates that there is no significant difference in the effects of gBGC or selection for GC content between X and A (table 3) . To explore whether a combination of two models was preferred, we tested a model in which the X parameter was fixed at a value of 0.75 A ; this model was also not significantly worse than the full model (table 3; P = 0.69, 2 test, df = 2) and it had the lowest Akaike Information Criterion value overall.
Counts of divergent sites between the tonkean macaque and the outgroup species suggest significant departure from stationarity for A for both outgroup comparisons. This result involved only a small difference, and could be due to slight departures from equilibrium in the outgroup lineages, the tonkean macaque, or a combination of the two possibilities. Sites that were G or C in the tonkean macaque and A or T in the outgroup, hereafter GC:AT sites, were more common than sites with the opposite pattern, hereafter AT:GC sites, except for the comparison with human X chromosome DNA. For autosomal DNA, GC:AT sites comprised 51.0% out of 428,990 sites for the comparison with humans (P < 0.00001; binomial test) and 50.8% out of 128,267 sites for the comparison with baboons (P < 0.00001; binomial test). For X chromosome DNA, GC:AT sites comprised 47.9% out of 12,993 sites for the comparison with humans (P < 0.00001; binomial test), and 51.5% out of 2,735 sites for the comparison with baboons (P = 0.058; binomial test).
Male to Female Mutation Rate Ratio
We estimated the mutation rate of X chromosome DNA to autosomal DNA (m X /m A ) based on Jukes-Cantor (1969) corrected pairwise divergence between the tonkean macaque and an outgroup, and from the model fitting, where m X / m A = ( X / A ) (1/l) (Materials and Methods described in supplementary material S1, Supplementary Material online). There was a substantial difference between each estimate: m X /m A based on divergence from humans was 0.772 (95% CI: 0.746-0.797), m X /m A based on divergence from baboons was 0.590 (95% CI: 0.544-0.635), and m X /m A based on the model fitting was 0.398 (95% CI: 0.392-0.405). When m X /m A was instead estimated from the AT to GC mutation rate (supplementary material S1, Supplementary Material online), the estimate of this ratio was almost identical to the outgroupbased estimates above. The disparity between the outgroupbased estimates and the model-based estimate could be related to the latter taking natural selection for GC or gBGC into account, or possibly a change in the rate of mutation subsequent to the the divergence of humans and macaques. It is also possible that this disparity is related to the simplifying assumptions used to construct the model, which is associated with an imperfect fit to the observed data (see Discussion). These values also may be uniquely affected by a possible reduction in the autosomal mutation rate in the tonkean macaque lineage (supplementary material S1, Supplementary Material online). In any case, all of these estimates yield a ratio that is significantly less than 1, which is consistent with faster male evolution.
A Dynamic Demography
Because of uncertainty surrounding variation in the rate of mutation in the tonkean macaque lineage (supplementary table S1, Supplementary Material online), we provide "ballpark" interpretations of demographic parameters from the model fitting, using the mutation rate inference from AT to GC divergence (m 10 ) of X chromosome DNA using humans as an outgroup to estimate N e and time in generations (supplementary material S1, Supplementary Material online), and we intentionally do not include CIs. The diversity estimates from the three-epoch model with X = l A translate to ancestral N e equal to approximately 110,000 for autosomes. If the ancestral population size is considered to be Epoch 0, going forward in time, the estimated population size in Epoch 1 is approximately 5.5 million individuals, with a duration of approximately 110,000 generations. The estimated effective population size in Epoch 2 is approximately 160,000 individuals, with a duration of approximately 24,000 generations. Given a macaque generation time of 5 years (Dittus 1975; Lindburg and Harvey 1996) , the model fitting thus supports a substantial population expansion relative to the ancestral population approximately 550,000 years ago followed by a return to near the ancestral population size approximately 120,000 years ago. Because of the sensitivity of these demographic parameters to the value of the mutation rate, we prefer to interpret them in relative terms, as presented in table 3.
Discussion
Purifying Selection in Genic Regions
In humans and several other ape species, molecular polymorphism is higher in nongenic than genic regions, with the diversity at X chromosome sites increasing at a faster rate with their distance from genes than that for autosomal sites, resulting in an increase in the X:A ratio with distance from genes (Hammer et al. 2010; Gottipati et al. 2011; PradoMartinez et al. 2013 ). In the tonkean macaque, multiple aspects of molecular polymorphism in or near autosomal genic regions on the autosomes are consistent with a stronger effect of purifying selection as compared with regions that are more distant from genes ( fig. 1 ) but this pattern was not observed for the X chromosome. This probably reflects the smaller number of high confidence genotype calls that were made on the X, and the resulting wider CIs ( fig. 1) . Even with substantially more data, a strong positive correlation with distance from genic regions was not observed for the Eastern lowland gorilla and the Bornean orangutan, and the autosomes also do not exhibit this trend in bonobos (Prado-Martinez et al. 2013 ). This suggests a similar level of genetic drift in genic and nongenic regions within these species, possibly related to small N e or other demographic effects.
The X:A Ratio
The X:A ratio of pairwise coalescence time for the tonkean macaque obtained from nucleotide site diversities is lower than 0.75, with the significance of this disparity depending on which outgroup is used to scale for differences in mutation rate. An X:A ratio below 0.75 could arise if the variance in reproductive success were higher in females than in males, or it could be caused by a recent reduction in population size, such that the population size for the X chromosome has approached its new equilibrium faster than that for the autosomes (Pool and Nielsen 2007) . This latter interpretation is qualitatively consistent with the evidence for a history of past expansion in population size, followed by a reduction (table 3) . However, when we controlled for demographic effects (and also selection for GC content/gBGC), we found that the ML estimate of the X:A ratio was 0.68 but that this value was not significantly different from 0.75. This suggests that the variances in male and female reproductive successes are in fact rather similar. The fact that similar results are obtained using two-epoch and three-epoch models suggests that this result is robust to demographic assumptions.
The findings that the X:A ratio is not significantly greater than 0.75, and that the most likely estimate is lower than 0.75, are surprising in light of the female-biased adult sex ratio that has been widely observed in natural populations, and also the pervasive reports of genealogical discordance between phylogenetic relationships in mitochondrial DNA and autosomal DNA Melnick et al. 1993; Morales and Melnick 1998; Tosi et al. 2002 Tosi et al. , 2003 Evans et al. 2010) , both of which suggest high variance in male reproductive success. Interestingly, other studies also report an X:A ratio that is at or below 0.75 in other species of macaque monkey, which presumably have a social system similar to that of the tonkean macaque. A study of the pig-tailed macaque (M. nemestrina) by Evans et al. (2010) , for example, reported an X:A ratio of 0.62 based on molecular variation at synonymous sites within genes. Likewise, after accounting for demographic effects to some degree, estimates of the X:A ratio for three populations of the long-tailed macaque M. fascicularis (Indonesia/Malaysia, Philippine, and Vietnam) each were less than 0.75 (Osada et al. 2013 ). Wholegenome shotgun sequencing of 16 rhesus macaques also suggested that SNPs on the X chromosome were only half as frequent as in the autosomes (Rhesus Macaque Genome Sequencing and Analysis Consortium et al. 2007), although it is not clear how this translates to an X:A ratio of N e because divergence information was not reported in that study.
At least five, not mutually exclusive, factors could contribute to an X:A ratio below 0.75 in macaque monkeys: i) When generations overlap, the X:A ratio is influenced by the degree to which the same individual males monopolize breeding opportunities across breeding seasons. Within-sex variation in reproductive success among breeding seasons may counteract to a large extent any elevation of X:A associated with a sex difference in the variance of reproductive success within breeding seasons (Evans and Charlesworth 2013) . Even social systems with very high within-breeding season variance in male reproductive success, such as a harem social system, can have an X:A ratio near 0.75 if turnover in male tenure of harems among breeding seasons is high (Evans and Charlesworth 2013) . This could therefore contribute to an X:A ratio in the tonkean macaque being close to 0.75. ii) The variance in female reproductive success could in fact be quite high in tonkean macaques. Life history data from Kenyan baboons, another species of papionin monkey, suggested that the variance in female reproductive success due to stochastic survivability during the reproductive (adult) phase was sufficiently high to offset the effects of high variance in male reproductive success on the X:A ratio (Storz et al. 2001 ).
iii) Male-biased dispersal during the initial colonization of Sulawesi Island could have introduced more autosomal than X chromosome diversity. Male-biased migration of humans into Europe, for example, has been proposed to account for an X:A ratio below 0.75 in non-African populations (Keinan and Reich 2010) . However, in contrast to the hypothesized evolutionary scenarios in non-African humans, a demographic model with ongoing migration between Borneo and Sulawesi was not previously preferred over a model with a single dispersal event to Sulawesi (Sulawesi macaques originated from an ancestor of pig-tailed macaques on Borneo; Evans et al. 2010 ). This suggests that male-biased dispersal from Borneo to Sulawesi was limited in time to the initial colonization of Sulawesi, and is therefore unlikely to have affected X chromosome diversity in contemporary tonkean macaques. iv) Asymmetrical male-biased dispersal across Sulawesi hybrid zones could decrease the X:A ratio in the tonkean macaque, by introducing molecular polymorphism into this species to a greater extent in autosomal DNA than X chromosome DNA. The tonkean macaque is known to hybridize with M. maura, M. ochreata, and M. hecki (Watanabe, Lapasere, et al. 1991; Watanabe, Matsumura, et al. 1991; Froehlich and Supriatna 1996; Bynum et al. 1997; Evans et al. 2001 ) and the differentiated populations west and east of the Bongka River (Evans et al. 2001 ) may also have male-biased migration. Analysis of sex-biased dispersal at the M. maura/M. tonkeana hybrid zone, however, supports male-mediated gene flow from M. tonkeana to M. maura within their hybrid zone (Evans et al. 2001) , which is the opposite direction from that needed to reduce the X:A ratio in the tonkean macaque. At this time it is not clear what patterns of sex-specific dispersal have occurred at the other hybrid zones, or to what degree hybridization actually results in genetic exchange beyond these hybrid zones. v) There could be a high frequency of selective sweeps of recessive beneficial mutations on the X chromosome compared with autosomes due to male hemizygosity on the X chromosome (Charlesworth et al. 1987 ). In chimpanzees from central Africa, for example, synonymous diversity on the X chromosome is dramatically lower than on the autosomes, and the patterns of molecular polymorphism in coding regions are consistent with more frequent selective sweeps and stronger purifying selection on the X chromosome than autosomal DNA (Hvilsom et al. 2012) . If many adaptive mutations are recessive (Hvilsom et al. 2012 ), X chromosome hemizygosity in males and an associated lower effective rate of recombination on the X chromosome could underlie this pattern. Interestingly, in Drosophila the absence of recombination in males causes the effective recombination rate to be lower on the autosomes than on the X chromosome, a factor that may increase the influence of background selection or selective sweeps on the autosomes and contribute to an observed X:A ratio for African Drosophila melanogaster populations that is higher than 0.75 (Charlesworth 2012b ).
Low Polymorphism on the Y Chromosome
Very little polymorphism was observed on the Y chromosome and the most likely value of the Y:A ratio was significantly less than the expectation with an equal variance in reproductive success in each sex. At first sight, this suggests higher variance in male than female reproductive success. But this interpretation is inconsistent with the X:A ratio discussed above, and the Y:A ratio is also significantly smaller than the minimum value that male competition can generate. However, Y chromosome polymorphism in M. nemestrina from Borneo is also very low (Evans et al. 2010 ). Thus, low polymorphism in M. tonkeana could be related in part to nonequilibrium conditions associated with reduced variation in an ancestor before colonization of Sulawesi. Another possibility is that founder effects during colonization of Sulawesi may have caused reduced diversity of the Y chromosome in the tonkean macaque. However, genomic regions with smaller effective population sizes than the autosomes, such as the X and Y chromosomes, are expected to reach equilibrium after a bottleneck more quickly than the autosomes (Hutter et al. 2007 ). This would elevate the X:A or Y:A ratios in the period before the autosomes reach equilibrium, which is the opposite of what we observed; founder effects associated with the colonization of Sulawesi therefore seem to be an unlikely explanation for low diversity on the Y compared with the A (or the X compared with the A). Also of relevance is that the nonrecombining region of the Y chromosome is probably strongly influenced by background selection (Kaiser and Charlesworth 2009; Wilson Sayres et al. 2014) , which would reduce variation on this chromosome compared with other parts of the genome. Variation on the Y chromosomes of humans is also significantly lower than the neutral expectation, even after correcting for the higher mutation rate in males, and is consistent with the expected effects of purifying selection via background selection (Wilson Sayres et al. 2014) . Selective sweeps on the Y chromosome would also produce similar effects.
GC Content
Mammalian genomes typically have high heterogeneity in GC content among genomic regions, with GC content being positively correlated with functional regions and genomic features, including gene density, repeat elements, recombination, and the level of gene expression (Eyre-Walker and Hurst 2001; Fullerton et al. 2001; Galtier et al. 2001; Kudla et al. 2006; Romiguier et al. 2010) . If base composition is at equilibrium under drift and mutational bias alone, the mean allele frequency of G or C variants segregating from an AT ! GC or a GC ! AT mutation must equal the mean allele frequency of A or T variants (Eyre-Walker 1999). However, our results indicate that the mean frequency of G or C variants was higher than that of A or T variants ( fig. 2 and table 3) . At sites for which high-confidence genotype calls were made for all individuals, for example, 1.6 or 2.2 times more G or C variants (for the X chromosome and autosomes, respectively) were segregating at greater than 50% frequency than A or T variants.
As pointed out by Eyre-Walker (1999) , there are various explanations for these patterns, including nonstationarity of base composition, gBGC, and natural selection. The latter two cannot be distinguished with polymorphism data alone, because gBGC has the same effect as natural selection favoring GC content (Naglaki 1983) . Using the test of Eyre-Walker (1994), we recovered evidence for nonstationarity based on a small overrepresentation of G or C nucleotides at divergent sites in M. tonkeana, so this explanation could contribute to our results to some degree, although the effect was slight. In addition, this observation does not necessarily mean that nonstationarity was present in the ancestral population; overall, it does not conclusively negate the significant evidence for gBGC or selection favoring GC content (table 3) .
Recent surveys of genome sequences and exomes of mammals have also recovered support for gBGC, possibly combined with natural selection for GC content in mammals (Romiguier et al. 2010; Lartillot 2012; Pessia et al. 2012) . Our model-based estimates of , the intensity of selection/gBGC, were approximately 1, which is comparable in magnitude to estimates derived previously in other primates. For instance, in humans, Spencer et al. (2006) estimated that 0.5 < < 1.3, whereas Lynch (2010 ) suggested that & 0.99. De Maio et al. (2014 inferred that in the orangutan lineage was about 0.35, which was significantly lower than that inferred in the human-chimpanzee lineage (&0.7), but noted that simulations suggested that their method tends to underestimate . Overall then, it seems plausible that gBGC or natural selection for GC content also operates in the genome of the tonkean macaque, and accounts for the poor performance of the models with no selection for GC content or gBGC (table 3) .
A feature of primate genomes that was omitted from our new model was variation in GC content across different genomic regions (the isochore structure; Bernardi 2000; EyreWalker and Hurst 2001). There is evidence that increases with GC content (e.g., ranging from & 0.2 to & 1.2 in humans; De Maio et al. 2014). We opted not to incorporate this extra factor into our model, because we had relatively few polymorphic sites from the X chromosome, and further increasing the number of parameters may result in difficulty in parameter estimation. This and other simplifications of our model may account for the imperfect correspondence between the observed site frequency and that predicted by the model (fig. 2 ).
Male to Female Mutation Rate Ratio McVean and Hurst (1997) proposed that natural selection could favor a lower mutation rate on X chromosomes due to exposure to deleterious recessives in hemizygous males, and that this, rather than differences in male and female mutation rate, could cause different neutral evolutionary rates on the autosomes and X chromosomes in rodents.
However, we observed approximately 2-fold higher level of divergence in Y chromosome DNA than autosomal DNA (table 1 and supplementary table S1 , Supplementary Material online); collectively these observations therefore are better explained by faster male evolution. Indeed, other studies have found faster rate of male evolution in macaques: The male:female mutation rate ratio () of the long tailed macaque (M. fascicularis) was estimated to be 3.8 (Osada et al. 2013 ) and of the rhesus macaque was estimated to be 2-2.87 (Rhesus Macaque Genome Sequencing and Analysis Consortium et al. 2007; Elango et al. 2009 ).
Our population genetic model-based approach also suggests that autosomal DNA mutates at a higher rate than X chromosome DNA, but this mutation rate difference failed to yield an interpretable difference in male versus female mutation rate using the approach of Miyata et al. (1987) , because the estimated m X /m A is lower than the theoretical minimum of 2/3. This shortcoming of the model-based approach is probably related to the two-allele simplification (i.e., the data were reduced from 4-nt states to only 2). Because of this simplification, the model did not account for selection and mutation biases associated with G $ C or A $T transversions which could affect the m X /m A (and thus ) estimate.
Conclusions
These data and analyses extend the efforts by Evans et al. (2010) to quantify the X:A ratio in macaques by analyzing molecular polymorphism in nongenic regions. These regions presumably are influenced to a lesser degree by background selection and selective sweeps, and the methods deployed in this study also better accommodate a dynamic demography and selection on GC content and gBGC. Nonetheless, the results are strikingly similar between the two studies, despite use of different species, differently sized data sets, and distinct analytical approaches. In both studies, the estimated X:A ratio was less than or equal to the expectation if variance in reproductive success is equal in males and females, and very low polymorphism was observed on the Y chromosome. This first finding is 1) surprising in light of the observed adult female-biased sex ratio in many macaque populations but is consistent with independent results based on molecular polymorphism from other macaque species, and 2) unlikely to be attributed to a pulse of male-biased dispersal during the initial colonization of Sulawesi. The second finding of low polymorphism on the Y is potentially contradictory to the low X:A ratio, but the two can be reconciled by invoking background selection/recurrent selective sweeps on the nonrecombining portion of the Y chromosome. Another possible contributing factor to the low polymorphism on the Y chromosome of M. tonkeana is that nonequilibrium conditions were present in the macaque ancestor prior to dispersal to Sulawesi.
In summary, it appears that female-specific factors counteract or overshadow some of the genomic consequences of high variance in male reproductive success in macaque monkeys. This observation is not typical of great apes 
Materials and Methods
Genetic Samples, "RAD Tags," and Genotyping
To evaluate the relative effective population sizes (N e ) of autosomal DNA and sex chromosome DNA, we collected molecular polymorphism data from nine (one female and eight male) tonkean macaques, with sampling locations on Sulawesi Island, Indonesia, as detailed in Evans et al. (2003) , for the following samples: PF515, PM561, PM565, PM566, PM567, PM582, PM584, PM592, and PM602. Because all individuals originated from habitat on only one side (west) of the Bongka River, the effects of large-scale population structure in this species (Evans et al. 2001 (Evans et al. , 2003 were expected to be minimal, although gene flow with populations east of the Bongka River, or with other macaque species on Sulawesi, is possible. To further explore the possibility of isolation by distance (Wright 1943) , we tested for evidence of a correlation between genetic and geographic distance as described below.
We collected polymorphism data using restriction enzyme associated DNA sequencing (RADseq; Baird et al. 2008) . RADseq involves adding linkers to genomic DNA ends that are cut with a rare-cutting restriction enzyme (SbfI) and also sheared at positions near the restriction sites, resulting in a large sequence data set for multiple individuals that consists of homologous portions of the genome near the restriction enzyme sites. RAD tag libraries were prepared by Floragenex (OR), and multiplexed paired end sequencing was performed using one Illumina lane. These data have been deposited in the NCBI (short read accession number SRP041222).
We first mapped the tonkean macaque sequences to the rhesus macaque genome (rhemac2), and performed genotype calling using BWA, Samtools, the Genome Analysis Toolkit, and vcftools (Li et al. 2009; Li and Durbin 2010; McKenna et al. 2010) , as described in supplementary material S1, Supplementary Material online. Data that passed rigorous quality control filters (supplementary material S1, Supplementary Material online) were retained for analysis. Based on lineage-specific estimates of divergence discussed in supplementary material S1, Supplementary Material online, the time since divergence of the rhesus and tonkean macaque in units of two times the autosomal effective population size (N e ) of M. tonkeana generations is approximately 2-3. Thus, the rhesus macaque is sufficiently closely related to the tonkean macaque that genetic distance is likely to be heavily influenced by ancestral polymorphism (Charlesworth et al. 2005) . For this reason, the rhesus macaque genome sequence was used to inform the genomic locations of the tonkean macaque data, but not as an outgroup for these genomic regions.
For autosomal data, we considered only positions that did not map to either the X or the Y chromosome of the rhesus macaque (genome assembly rhemac2 and Y chromosome data from Hughes et al. [2012] ) or X chromosome data of an outgroup species, which was either the olive baboon (genome assembly papAnu2) or human (genome assembly hg19). For X chromosome data, we considered only positions that mapped to the nonpseudoautosomal portion of the X chromosome in the rhesus macaque and an outgroup species, and we discarded sites within and including 10,000 bp from any heterozygous genotype call in a male. This latter measure was taken in an attempt to exclude putatively species-specific pseudoautosomal regions of the tonkean macaque that would not be identified using annotations from the rhesus macaque. For Y chromosome data, we only considered positions that mapped to the Y chromosome of humans and rhesus macaques.
Alignments of the rhemac2 and hg19 genomes were obtained from the UCSC genome browser. We aligned the genome sequences of the rhesus and olive baboon using LASTZ, release 1.02.00 (Harris 2010) , with the same settings used for the human-rhesus alignment as described on the UCSC browser (http://hgdownload-test.cse.ucsc.edu/ goldenPath/hg19/vsRheMac2/, last accessed June 30, 2014). Our analyses in part focused on positions for which genotype calls were made for all nine tonkean macaque individuals, in order to minimize biases related to missing haplotypes (Arnold et al. 2013; Davey et al. 2013) . The main analysis with the newly developed software, however, used the full postfiltering data set, including sites with missing genotypes in some individual tonkean macaques. We repeated this analysis including only sites with genotype calls in all individuals, with similar results, as detailed in supplementary material S1, Supplementary Material online.
Evidence for Isolation by Distance or Other Forms of Population Structure
Isolation by distance is a pervasive population genetic pattern that is not well approximated by the epoch model deployed here (see below). To test for evidence of isolation by distance we performed Mantel tests using genetic similarity and geographic distances estimated from the sampling localities (Evans et al. 2003) . We estimated the percent similarity between each individual and all others for autosomal DNA and for X chromosome DNA, using positions where high confidence genotype calls were made in all individuals. Significance was assessed with 10,000 permutations using the program zt (Bonnet and Van de Peer 2002) . The null hypothesis for this test is that there is no correlation between genetic and geographic distance; the alternative hypothesis is that genetic similarity decreases as geographic distance increases (a onetailed test for a negative correlation).
Testing for Effects of Natural Selection Near Genes
To explore genome-wide effects of natural selection, we divided the data into five categories based on locations with respect to annotated genes in the rhesus macaque genome. These five categories included: a) Regions containing genes, including introns, exons, and 5 0 -and 3 0 -untranslated regions, plus 1,000-bp upstream and downstream; b) regions that were up to 50,000 bp from (a); c) regions that were 50,001-100,000 bp from (a); d) regions that were 100,001-150,000 bp from (a); and e) regions that were greater than 150,000 bp from (a).
We then tested for variation in the nature or strength of natural selection among categories by examining how polymorphism varied with respect to the genomic distance from genes. In particular, for each partition we calculated pairwise nucleotide diversity per site () divided by pairwise divergence from the outgroup species (olive baboons or humans), with corrections for multiple substitutions and ancestral polymorphism (/d). Corrections for multiple substitutions used the method of Jukes and Cantor (1969) . Corrections for ancestral polymorphism were done by subtracting (averaged across the autosomes, X chromosome, or Y chromosome) from the pairwise distance for the corresponding genomic region (Makova and Li 2002; Charlesworth B and Charlesworth D 2010, p. 258-259) . This correction assumes that the effective population sizes and mutation rates of the homologous sequences in the most recent common ancestor of the outgroup and the tonkean macaque were similar to those of the homologous sequences of the tonkean macaque.
Following Zeng and Charlesworth (2011) , we also estimated the proportion of polymorphisms (S e ) that are singletons (that is, present as only one segregating variant in the sample) among the total number of segregating sites in the region (S) (S e /S). The expectation under neutral equilibrium is approximately 30% for our sample size of autosomes and approximately 35% for our sample size of X chromosomes (Charlesworth B and Charlesworth D 2010, p. 273) . Finally, we calculated Tajima's D (Tajima 1989 ) on a per sequence basis for each of these categories. Approximate 95% CIs for S e /S were obtained by assuming that the variance in the number of singletons followed binomial expectations. For /d, D, and other parameters for the X chromosome and autosomes in tables 1 and 2, 95% CIs were approximated by generating 1,000 pseudoreplicate data sets by bootstrapping by site and identifying the 2.5th and 97.5th percentiles among these pseudoreplicates. We note that this approach provides only a rough estimate of CIs because it does not account for nonindependence of mutation rates among linked sites. For analyses of /d, S e /S, and D, we restricted the focus to nucleotide positions for which high-quality genotype calls (supplementary material S1, Supplementary Material online) were made for all nine individuals. If natural selection and hitchhiking are weaker in genomic regions that are far from genes, /d should be higher, S e /S should be lower, and D should be nearer zero in these regions than in those genomic regions near genes. These expectations remain qualitatively unchanged in the presence of recent demographic changes (Zeng 2013) .
For Y chromosome data, 95% CIs for most of the parameter estimates in table 1 were estimated from coalescent simulations using the program ms (Hudson 2002) . For these simulations, the polymorphism parameter was set to the pairwise nucleotide diversity estimate () from the data, and simulations were performed under the demographic parameters inferred from the X = l A version of the three-epoch model (see below). Because sequence from the baboon Y chromosome was not available, we calculated pairwise divergence only from the human Y chromosome, and applied the same corrections for multiple substitutions and ancestral polymorphism detailed above. We obtained 95% CIs based on the variance calculated with equation (5) of Kimura and Ohta (1972). Estimating the X:A Ratio from Nucleotide Site Diversities For neutral or nearly neutral variants, (Tajima 1983) provides an estimate of the mean coalescent time for a pair of alleles, which is equal to two times the effective population size (N e ) (Hudson 1990) . Thus the relative diversity values, after adjusting for differences in mutation rate, provide an estimate of the X:A ratio of effective population size values. We note that diversity values estimated in this way will typically be lower than the neutral value with free recombination because of hitchhiking effects due to selection at other sites in the genome, and that these factors are probably not uniform across the autosomes and X chromosomes due to differences in recombination rates, selection intensities, mutation rates, and modes of inheritance (Charlesworth 2012a) . Differences in mutation rate between the X chromosome and the autosomes can be controlled for by scaling these estimates by divergence from an outgroup after correcting divergence for multiple substitutions and ancestral polymorphism. Thus the X:A ratio = (d A /d X )( X / A ), where d A and d X are corrected divergence estimates for autosomal and X chromosome DNA, respectively, and A and X are for A and X, respectively. Estimates of the X:A ratio using Watterson's (1975) estimator based on the number of segregating sites in a sample ( W ) and were similar; we report those from because of its more direct theoretical link to coalescent time (Hudson 1990 ). The variances of were calculated following Tajima (1983; Charlesworth B and Charlesworth D 2010 formula B5.6.3, p. 212-213) . For A and X (but not the Y chromosome), we assumed that sites were independent, and divided the second term in these equations by the number of RAD tags in each chromosomal category, where a RAD tag was defined as one or more high-quality genotypes that is at least 5,000 bp away from another such genotype.
We also estimated the ratio of the effective population sizes of the male-specific portion of the Y chromosome to autosomal DNA (the Y:A ratio), using a similar approach. Because orthologous sequences from the baboon Y chromosome are not yet available, this analysis was only performed using only human divergence to correct the mutation rate.
The variance of the X:A ratio was estimated using the delta method to estimate squared standard errors of ratios Var X=Y Â Ã and products Var XY Â Ã :
and
where X and Y are the expected values of the random variables X and Y, respectively;X andŶ are the mean estimates of random variables X and Y, respectively; CV() is the standard error of the random variable given in parentheses, divided by its mean (the coefficient of variation); and Var() is the variance of the random variable given in parentheses. For this calculation, the variance of was calculated as described above and the variance of divergence was obtained with formula (5) in Kimura and Ohta (1972) . Approximate 95% confidence limits for the X:A ratio was then calculated under the assumption of normality. Because we assume independence of sites, and do not take into account differences in the effective recombination rates between the X and A, including differences related to sex-specific rates of recombination (Mank 2009 ), these CIs (and those estimated from the bootstrap analysis below) may be anticonservative to some degree. Departure of the X:A ratio from the expectations under equal variance in reproductive success in each sex was tested using a z-test as described and justified in Evans and Charlesworth (2013) . In particular, to test whether the X:A ratio departed from the null expectation (R XA ) of 0.75, we tested whether the absolute value of the difference between (1/R XA ) ( X /d X ) -( A /d A ) was significantly greater than zero. The variance of this difference (Evans and Charlesworth 2013; eq. 3) was calculated from the variances of ( X /d X ) and ( A / d A ) obtained from the delta method described above.
A power analysis was performed by fixing A , d A , d X , and their associated variances at the observed values, and then evaluating the degree to which X would have to depart from the expectation of an X:A ratio of 0.75 in order for the z-test to detect a significant difference from this expectation 95% of the time.
Because the nonrecombining portion of the Y chromosome is inherited as a unit, the coalescent process gives a nonnormal distribution for Y and we therefore avoided the assumption that this statistic was normally distributed. Instead we compared the upper 95% CI for Y obtained from simulations (described earlier), divided by the lower 95% CI of the corrected pairwise Y divergence from humans (d Y ), with the lower 95% CI of A /d A multiplied by the expected value (R YA ) of 0.25 or 0.125 associated, respectively, with no sex bias in variance in reproductive success, or with maximal male variance in reproductive success (Charlesworth 2001) .
A New Model for Estimating the X:A Ratio from Polymorphism Data
The diversity-based metrics presented above only relate to the relatively recent past, involving a timescale of the order of twice the effective population size; the X:A ratio of N e estimated in this way can be strongly influenced by factors such as recent population bottlenecks, and may not reflect longterm patterns if the population is far from equilibrium under drift and mutation (Pool and Nielsen 2007) . In addition, these estimates may be influenced by selection for GC content or gBGC (Zeng 2012) . We thus sought to estimate the X:A ratio of M. tonkeana while taking into account the potential influence of these factors. To this end, we have extended the method of Haddrill et al. (2011) (see also Zeng and Charlesworth 2009 , 2010b by making two changes: 1) We let the autosomes and the X chromosome have independent mutation rates, and 2) the model is implemented by using a more efficient numerical method based on Zhao et al. (2013) (see supplementary material S1, Supplementary Material online, for full details).
As described in Zeng and Charlesworth (2009) , the model includes parameters for mutational bias, gBGC/selection, and demography. The model reduces the four states of nucleotide polymorphism to two states (A 0 and A 1 ), with reversible mutation between these states. The mutation parameters include a mutation rate m 01 from A 0 to A 1 , and m 10 for the reverse mutation. The model allows the separate m 01 and m 10 parameters to be estimated for X and A, and permits either A 0 or A 1 to be favored by natural selection or by gBGC. Because the sequence data are nucleotides with four possible states, we collapsed the data into two states-G or C nucleotides (A 0 ) and A or T nucleotides (A 1 ). A consequence of using this model is that information is lost, for example, because a segregating polymorphism of A and T (or of G and C) is considered invariant, and does not influence the likelihood of the data. However, this approach allowed us to include data from positions that violated the infinite sites model by having three segregating polymorphisms; these (rare) positions were excluded from the calculations discussed earlier. The model is also able to distinguish selection from demography and is robust to linkage between sites (Zeng and Charlesworth 2010a; Zeng 2012) .
Prior to postulated changes in population size, we assumed that the population was at mutation-selection-drift equilibrium. Under this scenario, the X and A levels of polymorphism are a combined result of potentially different selection coefficients and effective population sizes. Nonequilibrium conditions are triggered by changes in population size, and subsequent polymorphism dynamics of X and A are affected by the relative sizes of their equilibrium effective population sizes (the X:A ratio). The nonequilibrium model thus has a parameter l, which is the X:A ratio, such that N eX = lN eA . Changes in population size are assumed to involve a series of epochs with different population sizes and durations, with transitions in population size occurring instantaneously between epochs, and with a constant population size within an epoch. Each of I epochs thus has a duration ( i ) and population size ( i ) parameter, with i = N e_i /N e_ancestral where N e_i and N e_ancestral refer to the effective population sizes of the ith epoch and the ancestral epoch (before any change in population size occurred), respectively, and i is in units of 2N e_i generations. Population size changes are assumed to affect X and A identically, such that N e_i_X /N e_ancestral_X = N e_i_A / N e_ancestral_A = i . Because the number of parameters increases with each epoch considered, complicating the likelihood estimation procedure, we restricted our analysis to between one and three epochs.
The model also assumes codominance of any fitness effects. Following Haddrill et al. (2011), we define s A and s X to be the heterozygous selection coefficients for A and X, respectively, such that A 0 is favored or selected against on autosomes when s A is greater or less than zero (s X is similarly defined). A and X are equal to 4 N e_ancestral s A and 4 N e_ancestral s X , respectively; and 01 (= 4 N e_ancestral m 01 ) and 10 (= 4 N e_ancestral m 10 ) are the mutation parameters for A 0 (G or C nucleotides) and A 1 (A or T nucleotides). Thus, a positive value of implies that there is gBGC and/or selection favoring increased GC content. Additional mathematical details of this model are provided in supplementary material S1, Supplementary Material online. The 95% CIs for the parameter estimates were estimated from 100 bootstrap replicates of the data (including polymorphic and nonvariant sites) within each level of missing data (2-18 even numbers of alleles for autosomal DNA and 1-10 alleles for X chromosome DNA alleles). At least 100 searches for the ML parameter values were performed on each bootstrap replicate, and we imposed a stringent convergence threshold with a relative tolerance of 10 À13 on each replicate to ensure that the ML estimates we reported were reached multiple times by the search algorithm in independent runs, as described in supplementary material S1, Supplementary Material online.
Alternative models were developed by fixing various parameters to be equal to each other or to a constant, and calculating the likelihood of the data under these restrictions. Models with different numbers of parameters were then compared by means of likelihood ratio tests with appropriate degrees of freedom. For instance, to test whether there is support for a dynamic demography, we compared the likelihoods of a model with one epoch to a model with two or three epochs. To test whether an estimated value of l was significantly different from the null expectation of 0.75, we compared the likelihood of a model where this parameter was fixed at this value to the likelihood of a model where l was estimated. Using this strategy, we were also able to test whether s A and s X were significantly different from zero or from each other, whether rates of mutation between each class of mutation (from A 0 to A 1 , and vice versa) differed significantly from each other within X or A, and whether each of these rates differed significantly between X or A. Software implementing these analyses is available at zenglab.group.shef.ac.uk.
Testing for Stationarity of Base Composition
If selection for GC content is present, or equivalently if gBGC exists, equilibrium (stationarity) of base composition exists when the GC content of a genome is constant and the number of mutations that convert an A or a T to a G or a C is equal to the number of mutations that convert a G or a C to an A or a T. To test for stationarity of base composition, we used a test proposed by Eyre-Walker (1994) . Eyre-Walker (1994) pointed out that, under stationarity, the number of bases that are A or T in one species but G or C in a second species should be equal to the number of bases that are A or T in the second species but G or C in the first. We thus counted these categories of divergent sites in comparisons between the tonkean macaque and each of the two outgroup species (olive baboon and humans). For polymorphic positions in the tonkean macaque, the most common base was considered (Eyre-Walker 1999); if two alleles were segregating with equal frequency, a randomly chosen allele was compared with the outgroup. A binomial test was used to compare counts of each mutational category.
Supplementary Material
Supplementary material is available at Molecular Biology and Evolution online (http://www.mbe.oxfordjournals.org/).
